Recent experiments on the electronic spectroscopy of atoms, clusters, and organic molecules embedded in helium nanodroplets are reviewed. Electronic transitions imply a larger degree of distortion of the helium environment as compared to vibrational and rotational excitations. Thus new phenomena arise such as the appearance of side bands in the spectra, which are due to the excitation of helium collective vibrations, large changes of the effective molecular rotational constants and even the expulsion of an atom ͑or molecule͒ from the cluster upon excitation. These features make it possible to probe the helium environment and its interactions with molecular chromophores on the atomic scale. Real-time studies of the manifestations of superfluidity and of chemical processes in the droplets via femtosecond excitation techniques, provide a new perspective to this field. The considerable amount of data available so far shows the large potential of helium droplets for isolation and spectroscopy of large molecules and clusters. The low temperature and the high spectral resolution achievable because of the relative homogeneity of this medium, are instrumental for separating solvation effects that are obscured by the presence of much larger fluctuations in more classical environments. Hence, electronic and geometrical structures of even large entities become accessible.
I. INTRODUCTION
This review is focused on recent experiments on the electronic spectroscopy of atoms, molecules, and clusters in helium nanodroplets in the visible and ultraviolet ranges. In other articles of this issue the experimental techniques, 1 the rovibrational infrared spectroscopy of molecules in helium droplets 2 as well as related theoretical works 3, 4 are reviewed. Additional references on experimental and theoretical work can be found in other recent reviews. [5] [6] [7] [8] [9] [10] Electronic excitation provides another method to address the embedded molecules and to study their interactions with a liquid helium environment. In many cases electronic spectroscopy bears resemblance to rovibrational spectroscopy, differs however, in some important respects. Whereas the state of helium is usually conserved upon the rovibrational excitation of the embedded molecule, helium degrees of freedom may be excited in the case of an electronic transition. This is related to the large change of the interaction potential between the molecule and the helium atoms upon electronic excitation, which implies a considerable change in the equilibrium configuration of the helium solvation shell. Being very soft, liquid helium is very sensitive to the interaction with the dopant. For example, a free electron in liquid helium forms a ''bubble'' of about 34 Å in diameter [11] [12] [13] [14] due to the Pauli exchange repulsion with the surrounding He atoms. On the other hand, a positive ion is surrounded by a shell of He atoms, which is strongly compressed as a result of electrostriction. The rigid shell containing about 30-50 He atoms around an ion has a diameter of only 12 Å and is referred to as a snowball. 11, [15] [16] [17] [18] [19] [20] These two extremes, the bubble and the snowball, bracket the helium structures to be expected in the vicinity of the neutral species, for which van der Waals forces play a predominant role. The situation for different embedded species may however span a wide range. Whereas alkali atoms ͑which would form large cavities if located inside the droplet͒ reside on the surface of the droplet forming a dimple [21] [22] [23] [24] [25] resembling a portion of the bubble, the alkaline earth atoms represent an intermediate case and their surface or volume location cannot be safely predicted. 26 -28 In comparison, closed shell molecules are more strongly bound to the droplet (E b Ͼ500 K) and cause a pronounced radial localization of the He atoms in the first solvation shell somewhat similar to that in a snowball. 7, 8, 22, 29, 30 However, because the van der Waals potential is much weaker as compared to the electrostatic induction interaction, the helium atoms even of the inner solvation shell are able to exchange with their more distant counterparts. 29, 31 Thus helium retains its liquid and superfluid properties to some extent even in the vicinity of the impurity molecule. The anisotropy of the interaction potential of the embedded species causes a pronounced angular modulation of the helium density profile, 29, [31] [32] [33] giving rise to a rich variety of helium configurations in the vicinity of the different dopants. Electronic excitation may change considerably both the interaction strength and its anisotropy. In some extreme cases it may even switch an attractive interaction into a repulsive one, thus giving rise to an ejection of the excited species from the droplet. In a more moderate case, the excitation may result in a large change of rotational constants and the appearance of the phonon wings in the spectra. Thus the electronic spectra are rich in information on the structure and dynamics of the helium environment.
This article begins with a brief summary of the experimental methods relevant to electronic spectroscopy in helium droplets. In the following section, experiments with metal atoms attached to the droplets are described. These studies reveal the wide variety of locations a foreign atom can assume in the droplet, ranging from complete immersion for Ag and Mg atoms to very weak surface binding for alkali atoms. The shifts of atomic and molecular transitions in helium provide a sensitive test for the interactions with helium atoms. The desorption of alkali atoms and the formation of complexes with helium atoms upon excitation have also been studied. It was discovered that the pick-up of several alkali atoms by the droplet leads to the formation of the high-spin states of dimers and trimers on the surface of the droplet, providing a new experimental access to these very weakly bound species. In related experiments large Ag and Mg clusters with up to two thousands of atoms have been grown in helium droplets, giving a unique opportunity to study the size dependence of the electronic structure of these cold clusters. Studies of electronically excited pure droplets involving intrinsic impurities such as excited helium atoms or He 2 * excimer molecules are described in Sec. IV. These gave information on the behavior of the higher atomic excitations in helium. The rotationally resolved spectra of the He 2 * excimers provide information on their interaction with the surface of the host droplet. Section V gives an overview of the very recent real time studies of the detachment of alkali atoms and dimers as well as of the formation of complexes with helium atoms, which give a new interesting perspective to the field. In the following section results on the electronic spectroscopy of organic molecules in the droplets are reviewed. Rich, nicely resolved vibronic structure in the spectra, devoid of any hot bands and minimal distortion of the vibrational constants illustrate how helium droplets have become a promising matrix for electronic spectroscopy of larger organic molecules and van der Waals complexes. Molecular electronic spectra in helium reveal a number of new phenomena as large changes of rotational constants and the appearance of phonon wings in the spectra. The phonon wing structure allows it to evaluate the spectrum of the helium collective excitations and to study its evolution with droplet size. There is now considerable evidence that some helium atoms from the bath are localized in the vicinity of the larger polyaromatic molecules, whereby a type of a super molecule containing a chromophore and its nearest helium shell is formed, having its own structure and excitation spectrum. Very recent experiments on complexes of polyaromatic molecules with up to 20 attached helium atoms described in the next section allow for the study of the size dependence of the quantum fluid properties in the few atoms limit. Finally helium droplets may be used as a microscopic isothermal reactor to study low-barrier chemical reactions involving radicals at low temperature. The first experiments of this kind are described in Sec. VII. The summary of the results and some directions for future work are given in the concluding section.
II. EXPERIMENTAL ASPECTS
The experimental aspects of production, doping, and spectroscopy of helium droplets have been discussed in detail in previous articles of this issue. 1, 2 Electronic spectroscopy implies excitation in the wavelength range from about 1.5 m up to the vacuum ultraviolet ͑VUV͒, employing commercial lasers and synchrotron radiation as light sources. Thus cw diode lasers, 34 -36 dye/TiSa lasers, 21, 26, 27, [37] [38] [39] as well as nanosecond, [40] [41] [42] [43] [44] [45] [46] picosecond, [47] [48] [49] and femtosecond [50] [51] [52] [53] [54] pulsed lasers have all been successfully employed. As in the case of infrared spectroscopy, 2,5 electronic excitation experiments may involve detection methods based on the depletion of a mass spectrometer signal. 5, 41, 43, 46, 55, 56 However methods specific for the electronic excitation proved to be an advantage. Onaxis or off-axis surface ionization detectors, well known for their high quantum efficiency, have been successfully used for the spectroscopy of alkali atoms 37 and He 2 * molecules. 34, 35 Upon excitation these species detach from the droplet thus giving rise to a decrease of the ion current for an on-axis configuration. Upon irradiation with less than 100 mW of laser power, a depletion of up to 50% can easily be achieved with Na atoms attached to He droplets. Detection of laser-induced fluorescence ͑LIF͒ provides another opportunity. 21, 26, 27, 42, 43, 45, [57] [58] [59] For atomic and molecular species with a fluorescence quantum yield higher then 10% LIF gives a factor of 10-100 better signal to noise ratio as compared to that obtained for the same molecules with a mass spectrometer depletion technique employing electron impact ionization. 36 LIF is also more sensitive compared to depletion techniques when larger droplets containing more than 10 4 atoms are involved. 36, 39, 60 A crossed laser beam/droplet beam geometry is usually used. 21, 26, 27, 42, 43, 45, [57] [58] [59] 61 Alternatively the beam of a laser may be directed antiparallel to the droplet beam to increase the interaction length up to 1 m, which is especially important when a weak cw laser or pulsed lasers 41, 44, 55, 56 are applied. In the later case, due to the counterpropagating excitation geometry and the finite timeof-flight of the droplets between the pick-up cell and the detector the depletion signal induced by a laser pulse lasts typically for about 1-3 ms. Thus the actual duty factor is much larger than expected from short ns pulses and may amount to about 25%. 41 Multiphoton ionization detection has also been successfully applied in helium droplets, 50, 52, 53, [62] [63] [64] [65] [66] in combination with ion mass-selection using either a quadrupole filter or time-of-flight techniques.
III. METAL ATOMS ATTACHED TO HELIUM DROPLETS

A. Frequency-domain spectroscopy of atoms
The van der Waals attraction between a helium atom and metal atoms is known to be very weak. For example, the pair binding energies of the alkali atoms and helium are among the weakest in nature ͓potential well depth , Li-He ϭ1.5 cm Ϫ1 , Na-He: ϭ1.3 cm Ϫ1 , K-He: ϭ0.9 cm Ϫ1 , Rb-He: ϭ0.8 cm Ϫ1 , Cs-He: ϭ0.7 cm Ϫ1 ͑Ref. 67͔͒. Therefore, the size and shape of the helium solvation shell around a metal atom are mainly determined by the repulsive part of the interaction, which is a consequence of the Pauli repulsion between the paired electrons of the helium atom and the metal atom electrons. Thus in some respects the helium void occupied by a solvated metal atom resembles a bubble around a free electron in helium. The radii of these bubbles are, however, smaller ͑5-10 Å͒ due to the fact that the electron is, in the case of an alkali, not free but is bound, albeit not too tightly, to the ion core. 9,10,68 -75 The size and shape of the ''bubble'' are defined by the balance between the amount of energy needed to create the void ͑i.e., pressure work against surface tension͒ and the lower binding energy to the metal atom and between the helium atoms themselves. The spectra of metal atoms in bulk liquid helium have been extensively studied ͑see reviews, Refs. 9, 10͒. Because the equilibrium radius of a bubble surrounding an excited atom is larger than for the ground state the electronic excitation brings the system in a strongly repulsive potential energy state coupling the system to the solvent excitations. As a consequence, the atomic absorption lines are broadened (␦Ϸ50-300 cm Ϫ1 ) and have a large blue shift (⌬ Ϸ500-1500 cm Ϫ1 ) relative to the free atom. 9,10,73,74,76 -78 Emission occurs after relaxation of the bubble and the corresponding spectral lines have therefore a smaller blue or even a red shift (⌬ϷϮ30 cm Ϫ1 ) and are usually narrower (␦ Ϸ30 cm Ϫ1 ). 9, 10, 74, 79, 80 A new feature of the He droplets is that surface effects can not be ignored as in the case of the bulk. If the helium-metal atom attraction is sufficiently weak, as in the case of the alkali atoms, at equilibrium the metal atom will form a surface state rather then being immersed into the bulk liquid. In the case of a helium droplet with a radius of 10-50 Å, the equilibrium location will easily be reached within typical experimental times ͑about 10 Ϫ3 -10 Ϫ4 s͒.
The location of the metal atom in or on the helium droplet can be deduced from the corresponding absorption spectra. Spectra of Ag (5 2 P←5 2 S), 64, 81 Al (3 2 D←3 2 P), 82 Eu (5d←4 f ), 62 Mg (3 1 P 1 0 ←3 1 S 0 ) ͑Ref. 83͒ ͓see for the later Fig. 1͑c͔͒ attached to the droplets closely resemble those obtained in the bulk liquid, indicating complete immersion of the guest atoms into the helium droplet. The magnitude of the blue shift and the width of these spectra of the order of a few hundreds of wave numbers agree with the predictions of the bubble model. 9 Doubly-peaked profiles of the spectra are explained by oscillatory quadrupole deformations of the bubble and the corresponding lifting of the orbital degeneracy of the upper P state. 74, 83 It is interesting to note that electronic excitation of an atom may switch an attractive interaction with the droplet into a repulsive one so that the excited metal atom will be ejected. For example, the multiphoton resonance enhanced ionization spectrum of silver atoms in helium droplets shows Rydberg progressions of free Ag atoms. 63, 64 This indicates that the atoms leave the droplet within 10 ns upon excitation by the first photon and are subsequently ionized in vacuum. It remains however unclear whether these results indeed represent the predominant channel, as the sensitivity of the detection method may possibly bias the results in favor of a minority channel. Timeresolved fluorescence spectra of Mg atoms revealed that the atoms remains predominantly attached to the droplet upon excitation. 83 All of the alkali atoms ͓Li, Na, K ͑Ref. 21͒, Rb ͑Ref. 84͒, Cs ͑Ref. 85͔͒ have been found to reside on the surface of helium droplets, as evidenced by the much narrower and less shifted spectra ͓see, e.g., Fig. 1͑a͒ for Li͔ when compared to those found in bulk liquid helium. 74, 79, 86 For example, the spectral maxima of the atomic transitions ( 2 P← 2 S) are only slightly blue shifted on the order of 10 cm Ϫ1 for Na, K, and Cs or even red-shifted by 4 cm Ϫ1 for Li, when compared to the corresponding gas phase frequencies. The spectral profiles of alkali atoms show widths in the range of 10-50 cm Ϫ1 and are accompanied by substantive tails extending towards higher frequencies. In addition, the spectra of Na and Li display a weak, unassigned, red-shifted feature ͓marked with an asterisk in Fig. 1͑a͔͒ . Theoretical calculations show that alkali atoms are displaced by about 5-6 Å ͑Ref. 25͒ from the droplet surface ͑defined at the place where the helium density becomes 1 2 of the bulk value͒ and that the He-surface near an alkali atom is somewhat distorted, forming some kind of a dimple. 23, 24 Calculations predict surface binding energies of about 15 cm Ϫ1 , 25 in agreement with the results of the detachment energy threshold measurements using the free atomic Na* and K* emissions. 47 The shape of the absorption spectra of alkali atoms on the droplets can be nicely fitted within the framework of the bubble model, using the calculated shape of the helium surface. 21 Inhomogeneous broadening of the spectra due to the distribution of cluster sizes appears to play a minor role in this case, as deduced from recent pump-probe experiments, whereby no hole could be burned in the spectrum. 87 It is worth noting that LIF detection has been equally successful in these studies as the beam depletion technique 37 or multiphoton ionization. 85 No fluorescence emission has been observed from the light alkalis ͑Li, Na, K͒ immersed in bulk helium. 9, 78, 88 This has been explained by fast quenching of the excited state, which involves the formation of exciplexes of metal atoms with up to six helium atoms, forming a ring in the strongly attractive nodal plane of the electronic p-orbital 78, 88 of the excited atom. In contrast, upon excitation on a droplet surface, fast detachment prevents most of the excited species from collecting helium atoms. Information on this type of process has been obtained from the shape of the emission spectra, which depend sensitively on the excitation wavelength. Narrow, gas-phase resonance emission lines were found upon excitation in the blue tails of the absorption profiles; in contrast, an excitation near the spectral maxima in the red part of the spectra led to a red-shifted emission spectra which are several thousands of wave numbers broad. 47, 89 This difference has been ascribed to excitation of a p-electron having different alignment with respect to the helium surface. Excitation of the p-orbital perpendicular to the helium surface ͑⌺-type transition͒ is followed by immediate desorption of the alkali atom giving rise to free atom emission. Excitation of the ⌸-type transitions ͑p-orbital is oriented parallel to the sur-face͒ leads to a strong attraction of helium atoms into the nodal plane of the excited p-orbital giving rise to the formation of exciplexes, similarly as in the bulk experiments. 90 However, as such an exciplex relaxes to its vibrational ground state it may detach rapidly from the surface and it may not have enough time to attract more than one or two helium atoms. Indeed, a detailed analysis of the emission spectra revealed that the spectra predominantly correspond to the M*He͑MϭK, Na͒ diatomic exciplexes. 47, 89 The dynamics of the exciplex formation will be discussed below.
Akaline earth atoms are a special case, because from their interaction potential with helium neither the bulk nor the surface location can be predicted with certainty. Only Mg atoms have been unambiguously identified to be located inside helium droplets as discussed above. Ca, Sr, and Ba atoms attached to helium droplets show much broader blueshifted spectra than alkalis, 76 suggesting that they are immersed and form a bubble state. However, this blue shift is considerably smaller when compared to the corresponding spectra in the bulk helium. 26, 27 As an example, the spectrum for Sr is shown in Fig. 1͑b͒ . The most plausible explanation involves the location of these atoms in the region of low helium density near the surface of the droplet. This is confirmed by recent calculations of Lewerenz, 28 which show that Ca resides in a deep cave, being covered by a thin layer of helium of just 1% of the bulk density. A semiempirical criterion based on metal-helium pair interaction potentials was derived in Ref. 91 to predict whether an impurity resides in the inside of the He droplet or at the surface. For the alkaline earth atoms the prediction depends critically on the details of the pair-potentials used and hence corresponding absorption spectra provide a sensitive probe for the quality of the ab initio potentials.
B. Formation of molecules on the surface of He droplets
The formation of alkali molecules and clusters on the surface of helium droplets shows several additional interesting features as alkali dimers can be formed either in the singlet or in the triplet states, both correlating with the ground state of the atoms. Pairing of the electron spins in the singlet state corresponds to the formation of a covalent bond ͑5943 cm Ϫ1 for Na 2 ͒. On the other hand, the parallel spin configuration of the valence electrons causes Pauli repulsion, e.g., the resulting triplet state possesses merely a weak van der Waals minimum ͑174 cm Ϫ1 for Na 2 ͒. In a gas phase heat pipe experiment the formation of dimers takes place at high temperatures and the equilibrium concentration of triplet states is vanishingly small. Therefore, sophisticated experimental methods involving multiphoton pumping through a singlet-triplet mixed intermediate state or resonant multiphoton ionization of seeded supersonic beams were employed to reach the triplet manifold of states. 92, 93 Similar reasons prohibites any experimental investigation of the quartet alkali trimers in the gas phase.
The formation of alkali complexes on the surface of helium droplets has allowed an elegant solution of this longstanding experimental problem. Two or more metal atoms may land sequentially on the droplet upon increase of the number density of atoms in the pick-up cell. These atoms move unhindered in or on the droplet until they meet to form a molecule or a larger cluster. The freshly formed species are expected to rapidly cool down to the ambient temperature of the droplets, Tϭ380 mK, as suggested by extensive rotationally resolved studies in the infrared spectral range. 2, 5, 55 Since alkali dimers and clusters are only weakly bound to the surface of the helium droplet by a few tens of wave numbers, it is not surprising that the relaxation of almost 6000 cm Ϫ1 of energy leads to efficient detachment of the singlet molecules, as observed experimentally. 61 In contrast, the weaker bound triplets are accumulated on the droplet's surface. Figure 2 shows the LIF spectrum of the sodium doped helium droplets in a range of 12 900-16 500 cm Ϫ1 . The spectrum is dominated by strong triplet bands (1 3 ⌺ g ϩ -1 3 ⌺ u ϩ ), whereas singlet transitions are barely seen, indicating the enrichment of weakly bound triplet complexes on the surface of the helium droplets. 57, 61 The same enhancement mechanism was later observed for triplet state formation in Li 2 ,Na 2 ,K 2 . Moreover, even mixed dimers as KNa in triplet states could be readily formed. 58 At a carefully optimized mean droplet size ͑i.e., helium expansion pressure and temperature͒, an abundance ratio of triplet to singlet states as high as 10 4 :1 can be obtained. 58 Both singlet and triplet molecules, reside on the surface of the droplet, as evidenced by the very small spectral shifts of the electronic transition frequencies of less than 5 cm Ϫ1 . In contrast, large spectral shift of about 700 cm Ϫ1 has been reported for the singlet-singlet Na 2 transitions in bulk liquid helium. 80 The surface location of the alkali molecules has also been confirmed in recent density functional calculations by Dalfovo, 22 and in semiempirical calculations by Cole and co-workers. 94 According to these calculations Na 2 and Li 2 molecules occupy dimples on the surface very similar to those found for the corresponding atoms, having, however, approximately twice the surface binding energy.
The excitation spectra of alkali dimers show pronounced vibronic progressions vЈ←vЉϭ0 in the 1 3 ⌺ g ϩ -1 3 ⌺ u ϩ electronic transitions, see Fig. 2 . The vibronic bands were found to be about 30 cm Ϫ1 broad; showing no resolved rotational structure. These spectra have been used to obtain the vibrational constants 58, 61 of the upper electronic states, in good agreement with the corresponding gas phase experimental and theoretical values. Besides the bound-bound transitions, transitions to repulsive 1 3 ⌸ g states of the dimers have also been studied. 58 The resolved emission spectra followed laser excitation of the 3 ⌺ g ϩ state indicate extensive vibrational relaxation induced by the proximity of the helium surface and surprisingly fast triplet-singlet intersystem crossing. 58 Each of the vibronic bands of the singlet Na 2 (A 1 ⌺ u ϩ -X 1 ⌺ g ϩ ) transition has a relatively sharp (␦ Ϸ0.5 cm Ϫ1 ͒ zero phonon line ͑ZPL͒, accompanied by the phonon wing ͑PW͒ on the blue side ͑see inset to Fig. 2͒ . The width of the PW decreases from about 110 cm Ϫ1 to about 30 cm Ϫ1 for droplets having several thousand and several hundred of He atoms, respectively. 58 This dependence suggests the predominant coupling of the electronic transition to the surface modes of the helium droplet. Some spectral features in the PW have been identified at the excitation energies corresponding to the maxon and the roton energies in liquid helium, 58 similar to the PW-structure discussed below for spectra of organic molecules inside the droplets. This indi-cates that in spite of their surface location, the alkali molecules couple considerably to the volume modes of the helium droplet. The broader PW spectrum observed for the singlet than for the triplet bands indicate an enhanced electron-phonon/ripplon coupling upon excitation of the covalent species. Remarkably, however, the triplet bands do not show the presence of a ZPL.
In the course of the experiments, involving the doping of the helium droplets with both Na and K atoms some unexpected results have been encountered. The emission spectrum followed laser induced excitation of the Na 2 molecules attached to helium droplets revealed the presence of the lines characteristic for free K atoms, showing an excitation energy transfer from Na 2 * molecules to K atoms. At the same time the Na 2 LIF spectrum revealed no perturbations due to the presence of K atoms, indicating that they remained separated far apart on the helium surface. 58 Evidently some of the dopant species on the surface of the droplet do not recombine. This result may indicate some small barrier, impeding atomic recombination on a time scale of milliseconds.
The high evaporation efficiency of the strongly bound singlet molecules formed on the helium droplets can be exploited to generate collimated beams of cold, free molecules. Due to the low temperature of the helium droplet, the molecules that evaporate spontaneously after the recombination must have very low kinetic energy in the droplet's frame; thus, they will give rise to a secondary beam in the laboratory frame, which is only slightly broadened with respect to the primary helium droplet beam. Indeed, rotationally resolved spectra of the free sodium dimers as well as their complexes with helium atoms have been observed in Ref. 58 . Moreover, the rotational energy distribution of the desorbed molecules indicates incomplete thermalization; low rotational levels have a population distribution characteristic for Tϭ1 K, whereas the higher rotational levels suggests temperatures exceeding 20 K.
A similar mechanism favors the formation of the high spin states for larger metal clusters. The trimers of K and Na atoms in quartet states have been formed successfully and their 2 4 EЈ←1 4 A 2 Ј transitions have been studied in absorption and emission spectra for the first time. [95] [96] [97] The vibronic spectra ͑see also Fig. 2͒ have similar line shapes to those observed in the triplet spectra of the corresponding dimers. Rich vibrational structure of the spectra gave extensive information on the potential energy surfaces of these weakly bound species. The analysis has been facilitated by complementary ab initio calculations using multireference configuration interaction ͑MRCI͒ and equation of motion coupled cluster technique with single and double excitations ͑EOM-CCSD͒. [95] [96] [97] [98] [99] In particular, a striking nonadditivity in the binding forces has been deduced. The lowest quartet state of the van der Waal bound Na 3 trimer may be seen as an extreme case of atomic deformability. Approximately 80% of the binding energy ͑850 cm Ϫ1 ͒ was found to be due to threebody effects. In addition, dispersed fluorescence measurements revealed that upon electronic excitation the trimers undergo intersystem crossing to the doublet manifold states, followed by dissociation into an atom and a dimer in a singlet state. 95, 96 The dynamics of this process will be discussed below.
C. Metal clusters in He droplets
Formation of larger alkali clusters (Li n ,Na n ,K n ,Rb n , Cs n ,nр18) has recently been observed using femtosecond photoionization. 100 Whether these clusters are formed on the surface of the droplet and to which extent they may be formed in giant spin states, are some of the interesting questions left for future work. Toennies and co-workers in Göttingen have studied the formation of large silver and indium clusters via time of flight mass spectroscopy following multiphoton ionization. 81 Clusters of up to 60 atoms were detected, 66 and the authors point out the potential of this method for further studies of the growth of superconducting nanoscaled metallic aggregates. Resonant two-photonionization spectroscopy was also used in the size-selective study of Ag n clusters formed in helium droplets. 64 The spectrum of Ag 8 was found to have an asymmetric band of 56 meV FWHM, which is much narrower than what was found in previous studies of clusters isolated in solid neon or in gas-phase spectra at higher temperatures. 101 The observation of the two-photon ionization with nanosecond laser pulses led the authors to an estimate a lifetime of the intermediate state in the nanosecond range. This lifetime is much longer than usually estimated for a plasmon state, indicating that the plasmon model of collective excitation may not be applicable for these small metal clusters.
These experiments have been continued in the group of Meiwes-Broer after the transfer of the same apparatus to Rostock, where time-of-flight mass spectra were obtained using ionization with nanosecond as well as femtosecond ͑fs͒ laser pulses, and by electron impact ͑see Fig. 3͒ . [52] [53] [54] Clusters containing as many as 2500 magnesium atoms were obtained in helium droplets. 53 Mass spectra measured upon application of various ionization methods gave a rich structure showing steps and pronounced peaks in the intensity distribution. These data suggest that delocalization of electrons already takes place in clusters as small as 20 Mg atoms. A novel electronic shell structure model, which involves a level crossing upon shell filling was introduced to account for the additional ''magic numbers'' observed in the mass spectra.
Although the bare metal cluster ions were found to be the most abundant product of the ionization at low laser pulse energy, MgHe N ϩ -complexes have also been detected at higher laser pulse energies. 53 Pump-probe experiments indicate that collective excitations of the metal cluster and caging effects due to the helium droplet are responsible for this intensity enhancement.
IV. INTRINSIC He IMPURITIES
He* and He 2 * species have been produced in the droplets via vacuum ultraviolet ͑VUV͒ irradiation [102] [103] [104] [105] [106] or electron impact bombardment of the pure helium droplets. 34, 35, [107] [108] [109] [110] [111] [112] [113] [114] The repulsive nature of the interaction of these species with the liquid helium results in a very similar behavior to that observed for alkali atoms or dimers. Photoionization of pure and doped helium droplets have been studied in Ref. 115 . The fluorescence excitation spectrum in the VUV is dominated by two broad (␦ϭ0.5 eV͒ bands at 20.9 and 21.5 eV, assigned to transitions into states related to 2s and 2p states of helium atoms. 104 A blue shift of about 0.43 eV relative to the corresponding transitions of the free He atoms reflects the onset of a repulsive interaction upon electronic excitation. Emission spectra have contributions from the He 2 * excimer band in the VUV ͑Ref. 105͒ and atomic He and molecular He 2 * transitions in the visible and near infrared. 106 The emission spectra correspond to the gas phase transitions, showing that these species are ejected from the droplet before emitting a photon. 102 It turns out that the excited He atoms and excimers form bubble states of positive energy inside of the droplet, hence ballooning outside. The rotational and vibrational temperatures of the ejected molecules were estimated to be 450 and 2500 K, respectively. 116 Some weak and broad features give evidence that emission can also take place inside the droplet or close to the surface. 102 In recent studies VUV spectra of pure 3 He-droplets have been compared with those for the superfluid 4 He-droplets. 103 The two prominent absorption bands below 23 eV, assigned to 2s 1 S←1s 1 S and 2 p 1 P←1s 1 S transitions are less blueshifted by about 0.15 eV and have smaller widths in 3 He ͑shifts in 4 He are 0.385 and 0.255 eV, respectively͒. At higher energies ͑տ23 eV͒ the difference in the spectra becomes larger. 103 From the fluorescence excitation spectra in the visible and infrared, these features in the absorption spectra have been assigned to the perturbed atomiclike emissions with well defined principal (nϭ3,4) and orbital quantum numbers. 103 The transition energies and the band widths indicate that the strength of the perturbation is correlated with the helium density in the droplet. In these studies droplets of different size have been used to achieve different particle densities, which were calibrated against the density profiles obtained from density functional calculations. 103 Emission spectra for both isotopes are dominated by sharp, unshifted lines, indicating similar desorption mechanisms for both 4 He and 3 He droplets. In the very large droplets (Nϭ10 7 ) additional shifted features have been assigned to emissions of He 2 excimers immersed in the droplets. 103 Some of the He 2 * species formed upon electron impact were found to remain captured in a shallow potential minimum at the surface of the droplet. 35 From a variety of excited species, only metastable He 2 *(a 3 ⌺ u ϩ ) survives. Like Na 2 molecules, these species are only weakly bound to the surface of the droplet and detach spontaneously, 107, 108, 112, 114 or upon laser excitation of the He 2 *(c 3 ⌺ g ϩ ←a 3 ⌺ u ϩ ) and molecules on the surface of the helium droplets is found to be highly nonthermal as only the high rotational states ͑N ϭ11-29, peaked at Nϭ17͒, together with the lowest Nϭ1 state are populated while lines from Nϭ3 -9 are missing. 35 This indicates, a long relaxation time of the highly rotationally excited He 2 * molecules compared to the time scale of the experiment (ϳ10 Ϫ3 s), which is presumably due to their surface location and large rotational constant.
V. TIME-RESOLVED STUDIES
Molecular motion in helium droplets provides direct access to the study of superfluidity on the microscopic scale. The rotation of molecules in helium droplets has extensively been documented 2, 5 and the origin of the reduced rotational constants has been the subject of several recent theoretical investigations. 29, 33 Vibrational and rotational relaxation times of embedded molecules upon laser excitation have been estimated from the widths of the spectral lines and saturation measurements. 2, 55, [117] [118] [119] Direct time resolved measurements provide another access to molecular dynamics. 120 The formation of alkali-helium exciplexes on the surface of helium droplets has been studied in Princeton, via reversed timecorrelated single photon counting techniques employing picosecond lasers. [47] [48] [49] 121 It was observed that the ⌺-excitation of the p-orbital leads to a direct desorption of Na and K atoms within less then 50-70 ps with no exciplex formation. On the contrary, the formation of the free Na*-He or K*-He complexes was detected after ⌸-excitation. Moreover, different formation dynamics were observed depending on whether the 2 ⌸ 1/2 or the 2 ⌸ 3/2 , state of the droplet-alkali potential was addressed. Whereas the excitation of the ⍀ϭ3/2 state leads to fast desorption, similar to that observed after ⌺-excitation, the excitation along the ⍀ϭ1/2 component exhibits substantially longer signal rise times ͑ϭ700 ps and ϭ7.9 ns, for Na-He and K-He, respectively͒. Thus the existence of a small potential barrier in the ⍀ϭ1/2 reaction channel was postulated, based on an alkali-helium interaction potential, which includes the spin-orbit interaction. A simple model for the helium atom extraction process from the droplet involving quantum mechanical tunneling yielded barrier-penetration times in good agreement with the experiment. A somewhat larger barrier predicted for rubidium atoms prohibits the formation of the exciplexes via the ⍀ϭ1/2 path, in agreement with recent experiments by Trasca and Ernst. 84 Recently a similar technique has been applied to study the time evolution of the 1 3 ⌸ g state of K 2 attached to helium droplets. 48 The decay of the excited states was found to be faster then 80 ps, which was explained by the predissociation of the high vibrational levels and for the low vibrational levels by triplet-singlet intersystem crossing. 48 The characteristic time of the latter process was estimated to be less than 10 ps, which is remarkably efficient, taking into account the fact that it is prohibited in the free molecule. Furthermore, the dynamics of the intersystem crossing and dissociation of the quartet Na 3 and K 3 complexes on helium droplets have been studied. 49 Upon increase of the vibrational energy, the characteristic time of the intersystem crossing in the upper electronic state decreases from 1.4 ns ͑after excitation of the 0-0 band͒ to approximately 400 ps for the higher vibronic levels. Experiments also revealed that the rate of vibrational relaxation in the upper state is comparable with the rate of the intersystem crossing.
LIF measurements of the 3 2 D←3 2 P transition of the aluminum atoms in helium droplets revealed that the 3 2 D state is quenched to the 7000 cm Ϫ1 lower-lying 4 2 S state within the time interval of less than 50 ps. Furthermore, radiative lifetimes for a number of atoms in helium droplets have been measured. 83, 121 The 20% increase of the lifetime of Mg( 1 P 1 0 ) in helium as compared to the gas-phase value was explained by an anisotropic arrangement of the helium atoms around the excited Mg atom as obtained from density functional calculations. 83 The finding that a number of processes in liquid helium take place on the time scales of picoseconds or shorter motivated the most recent application of femtosecond techniques to the 2 P← 2 S excitation of potassium atoms attached to helium droplets. 50 In a pump-probe arrangement the first laser pulse ͑pump͒ was used to prepare the system in the excited state. With the second probe pulse the atom was ionized and subsequently the charged species were detected mass selectively. These measurements revealed that the helium density in the vicinity of the K atom relaxes within 1-2 ps after excitation. 85 No recurrences were observed, which may have resulted from the droplet's surface or volume oscillations. These findings are in agreement with recent calculations of Krotscheck and Zillich. 122 A recursion after about 150 ps have been instead observed after excitation of the He 2 (c 3 ⌺ g ϩ ←a 3 ⌺ u ϩ ) transition in bulk liquid helium. 123 The observations were ascribed to the damped oscillatory motion of the helium bubble around the He 2 molecule. Temperature dependence of the recursion time have been ascribed to microscopic manifestation of the viscosity, similar to that measured macroscopically.
Experiments with K atoms attached to larger droplets having about 12 000 atoms revealed structured pump-probe spectra, which flatten out at longer times ͑7 ps͒. 85 Femtosecond measurements on Mg atoms in helium droplets demonstrate that only a very small fraction ͑Ϸ0.2%͒ of the resonantly (s→p) multiphoton ionized atoms detach from the droplet 85 in agreement with earlier results. 83 The rearrangement of the helium environment around the electronically excited Mg atom was found to be completed within a time of about 600 fs. 124 The results of a recent femtosecond study of K 2 molecules on the surface of He droplets are presented in Fig. 4 . The steep increase of the ion yield during the first 2 ps after excitation is ascribed to the fast response of the helium surface; the following exponential decay reflects the desorption of the excited molecules from the surface of the droplet; the superimposed oscillations are due to vibrations of the K 2 molecule. Depending on the laser frequency the vibrational wave packet could be created either in the A 1 ⌺ u ϩ state, or in the (2) 1 ⌸ g state, as well as in the X 1 ⌺ g ϩ ground state. The frequencies of these oscillations were found to be in good correspondence to the known gas phase molecular vibrational constants. 124 The femtosecond pump-probe technique has also been applied to study the mechanism of the KHe n exciplex formation upon excitation of the K atoms attached to the helium droplets. 65 The measurements revealed that the abstraction of a single helium atom from the droplet takes place within the first 200 fs, i.e., exceedingly fast. The desorption of the so formed excimer from the helium surface on the same time scale, inhibits the extraction of additional helium atoms. Thus the abundance of the larger exciplexes normalized to K*He have been found to be K*He 2 :13.1%, K*He 3 :2.7%, K*He 4 :2.7%, K*He 5 :0.6%, respectively. 65 The sharp drop in abundance of exciplexes with more than 4 helium atoms suggests that the nodal plane of the p-orbital is filled at n ϭ4. Therefore for most of the desorbed excimers the nodal plane of the excited p-orbital is not completely filled in contrast to the case of excited Li, Na, K atoms in bulk liquid helium where the filling leads to the total quenching of the excitation for Li and Na. In addition, upon excitation of the potassium atoms on the surface of helium droplets, high frequency oscillations have been detected. 50 These oscillations are due to a quantum interference of the wave packets created by both pump and probe fs pulse. In the final ionic state a superposition of these wave packets is observed and one finds constructive or destructive interference in the time domain due to different phase shifts for different delay times, i.e. Ramsey fringes. 125 The structure of the oscillations and their decay mirror sensitively the energy levels of the intermediate states and may supply an alternative probe for studying these weakly interacting systems.
Very recently Meiwes-Broer and co-workers employed femtosecond pump-probe techniques in order to study the Coulomb explosion of magnesium clusters formed in helium droplets. 52 At high laser intensities magnesium clusters decompose into atomic ions. Formation of helium snowballs with up to 150 helium atoms around the magnesium ions (MgHe N ϩ ) is observed at moderate laser beam intensities of about 5•10 12 W/cm 2 . By varying the the pump-probe delay time, an increasing snowball yield is found during the first 4 ps; for longer delay times the yield of attached helium atoms decreases exponentially. Thus the system evolves dynamically for more than 50 ps, indicating a long time interaction dynamics between the violently decomposed metal cluster and the helium droplet.
VI. ELECTRONIC EXCITATION OF ORGANIC MOLECULES IN HELIUM DROPLETS
The electronic transitions to the first excited singlet states (S 1 ←S 0 ) for a number of organic molecules as FIG. 4 . Photoionization yield as a function of delay time in a femtosecond pump-probe experiment on potassium dimers attached to helium nanodroplets ͑Ref. 85͒. The oscillating structure is due to the vibration of the potassium molecule in the A 1 ⌺ u ϩ state. The intensity rise during the first 2 ps reflects the relaxation of the helium surface upon the electronic excitation, whereas the exponential fall off is ascribed to desorption of the molecules from the droplet. glyoxal, 41, 60, 126 polyaromatics, [42] [43] [44] indoles, 45, 59 and porphyrines 127, 128 in helium droplets have been studied. In most cases the spectra have been measured via LIF except for glyoxal, naphthalene, N-acelyl tryptophan amide ͑NATA͒ and C 60 for which the depletion technique was used. The spectra usually have a sharp electronic 0 0 0 transition origin, which is accompanied by nicely resolved vibronic bands on the high energy side. The 0 0 0 -origin and each of the vibronic bands have sharp zero phonon lines ͑ZPL͒ followed by phonon wings ͑PW͒ on the high frequency side, The intensity of the PWs rise sharply in the vicinity of the ZPL and extend over several tens of wave numbers towards high frequencies.
The S 1 ←S 0 electronic origins for these molecules in helium droplets are compared with the corresponding gas-phase frequencies in Table I . For all molecules studied so far the shifts are rather small while for some the transitions appear red shifted with respect to the corresponding gas-phase frequencies, indicating an increased binding of the molecule to the droplet upon excitation, which is often observed in other matrix when the binding is dominated by the van der Waals interaction. This is in contrast to the large blue shift of the absorption lines of metal atoms in liquid helium ͑see Fig. 1͒ , for which repulsive part of the potential is of larger importance as discussed earlier within the framework of a bubble model. The magnitudes of the matrix shifts of the molecular ZPLs in helium amount to 10-100 cm Ϫ1 , which is about 100 times larger then for the vibrational transitions, 2 due to stronger interaction of the helium matrix with electronic excited states. One should, however, note that the electronic excitation energies are also typically a factor at 10 larger than for the vibrational transitions.
A. Zero phonon lines
The ZPLs of the 0 0 0 bands appear as sharp lines, having widths of about 0.2-1 cm Ϫ1 , which are often limited by the laser linewidths when pulsed dye lasers are used. This provides a nice demonstration of the very small inhomogeneous broadening present in helium as compared to other matrices, where for the same transitions the lines are usually up to three orders of magnitude broader. [131] [132] [133] A large inhomogeneous broadening in a solid matrix is usually associated with the fact that a molecular chromophore may occupy numerous ͑metastable͒ sites, each of them characterized by slightly different matrix shift. The measured spectra show that these multiple sites are not formed in the liquid helium matrix or at least the number of the available sites is dramatically reduced. Due to its quantum liquid nature the helium environment of the molecule relaxes into the unique ground quantum mechanical state even close to absolute zero temperature, thus providing a homogeneous medium. Because the interaction between the chromophore molecule and the helium atom is much stronger than between the two helium atoms, the symmetry of the environment adapts itself to that of the molecules, even for very asymmetric species as amino acids. 59 This property of the helium matrix makes it possible to use the sharp ZPL transitions in the electronic spectra to interrogate small changes in the molecular structure, which are usually associated with small spectral shifts. A particular interesting demonstration of the great potential of He droplets as an advantageous cryomatrix is provided by the (S 1 ←S 0 ) spectrum of the amino acids tryptophan and tyrosine. 59 These species are important spectroscopic probes for proteins and peptides and had been previously studied spectroscopically by cooling the molecules to TϷ10 K in seeded beams. 134, 135 The spectra are characterized by a large number of lines, which have been assigned to the many different possible structural conformers of these floppy molecules. The same molecules deposited in a 4 He droplet show much sharper lines, presumably due to the further reduction of the rotational band contour because of the much lower temperatures. This suggests that in He droplets the spectra of larger molecules may appear even simpler than in a jet. These spectral studies also demonstrate another advantage, namely that only low vapor pressures ͑about 10 Ϫ5 mbar͒ are required of the substances to be studied. For this reason these sensitive biological molecules, during sublimation, need only be heated to temperatures where decomposition plays a minor role.
As in the infrared spectra 2,5 the molecular vibronic spectra may also provide information on the vibrational frequencies of the molecules, albeit in the S 1 excited state. Note that different groups of vibrations may be reached by these two methods. In the infrared nontotally symmetric modes are excited, contingent to the symmetry type of the transition dipole moment. On the other hand totally symmetric fundamentals and combination vibrations in the S 1 state are excited in the electronic transitions. 136 In helium droplets, at Tϭ380 mK, the molecules are thought to be in the vibrationally ground state, which excludes the appearance of hot bands, which would otherwise complicate the assignment of the spectra considerably. Vibronic lines have been seen for the following molecules: glyoxal, 41 tetracene, 43, 45 pentacene, 43 free base porphin, 36, 127 free base phthalocyanine, 36, 137 and 3,4,9,10-perylenetetracarboxylicdianhydride ͑PTCDA͒. 87 The vibrational frequencies obtained from the vibronic spectra in helium droplets were found to be in good agreement ͑Ϯ5 cm Ϫ1 ͒ with the corresponding frequencies obtained in the gas phase, when available. This result is in line with the small vibrational shift found in the infrared studies 2,5 of different molecules in helium. Figure  5͑a͒ shows an example of the LIF spectrum of the 3,4,9,10perylenetetracarboxylic-dianhydride ͑PTCDA͒, in the helium droplet. 87 PTCDA films are widely used as organic semiconductors in light emitting devices. So far its electronic spectrum either in the gas phase ͓see Fig. 5͑b͔͒ , in films or in solution 138, 139 has not been vibronically resolved. In particular charge transfer excitonic transitions in films or solution could not be separated from the single molecule spectrum because of extensive broadening, see Fig. 5͑b͒ . The spectrum in helium droplets, shown in Fig. 5͑a͒ permits for the first time a clear cut separation of the sharp molecular transitions from the broad (␦Ϸ500 cm Ϫ1 ) charge transfer excitations of PTCDA aggregates ͑dimers͒ which are shown as a shaded area in the figure. The narrow vibrational lines in Fig. 5͑a͒ , resemble the vibrational structure, found in theoretical calcu-lations 140 and Raman spectra of the PTCDA films. 141, 142 Experiments on formation and study of van der Waals clusters in helium droplets, demonstrated previously using mass spectroscopy [143] [144] [145] [146] and infrared spectroscopy, 56, [147] [148] [149] [150] [151] [152] [153] have also been extended to the visible. The large magnitudes of the frequency shifts in the spectra of the complexes relative to that for the bare molecule make ZPLs of the 0 0 0 bands a sensitive tool to monitor conformers of the complexes. van der Waals complexes of the rare gases with polyaromatic molecules as tetracene, have been extensively studied in free jet seeded beam experiments. 154 The spectra of the complexes of tetracene with Ar atoms and hydrogen molecules have recently been measured in helium droplets. 36, 39, 42, 129, 155, 156 Upon the pick-up of several Ar atoms by the He droplet a manifold of sharp lines appear red shifted with respect to the bare tetracene origin in helium droplets. These have been attributed to the 0 0 0 bands of structural isomers of complexes having different numbers of attached Ar atoms 39, 42, 156 on the two surfaces of a tetracene molecule. The shifts of the lines due to complexes of tetracene with a single Ar atom amounts to Ϸ10-40 cm Ϫ1 . Again, the spectral shifts in the electronic transitions of the complexes are larger compared to the vibrational ones ͑see Ref. 2͒. The high resolution of the spectra in helium droplets have allowed even to distinguish the spectra due to complexes of tetracene with para-and ortho-hydrogen molecules. 39 Carefully designed experiments demonstrated that the structure of the complexes formed in helium droplets could be controlled by the pick-up sequence. 39, 156 For example, if two Ar atoms are embedded first and the Ar 2 complex is formed, it stays intact after complexing with the tetracene molecule, as indicated by the spectra characteristic for both atoms attached to one of the tetracene faces. If however Ar atoms are embedded after the tetracene molecule had been picked up the spectra indicate formation of the complexes having Ar atoms attached either to one face or to the both faces of the tetracene molecule. 156 Thus the number of the conformers of a heterocluster formed in a helium droplet might be considerably reduced by choosing an appropriate pick-up sequence. Moreover, an appropriate chromophore molecule might be used to evaluate the structure of an ''inert'' cluster, which may not absorb laser radiation itself.
B. Change of the rotational constants upon electronic excitation
The molecular rotational structure may also appear in the electronic spectra of molecules embedded in He droplets. Indeed, it has recently been observed in the 0 0 0 band ( Ϸ21 930 cm Ϫ1 ) of the glyoxal molecule (C 2 O 2 H 2 ), 39, 60 which is an accidental symmetric top. In agreement with IR results for other molecules 33, 55, 56, [157] [158] [159] [160] [161] [162] [163] [164] it was found that its ground state rotational constants Aϭ0.643 cm Ϫ1 and B ϭ0.0728 cm Ϫ1 in helium are a factor of 2.75 and 2.35, respectively, smaller than in the gas phase. This indicates a large contribution of helium, ⌬I He , to the effective moment of inertia, I effs I eff ϭI mol ϩ⌬I He . FIG. 5 . Comparison of the LIF spectrum of PTCDA ͑3, 4, 9, 10-perylenetetracarboxylicdianhydride͒ in helium nanodroplets ͑Ref. 87͒ ͑a͒ and in the gas-phase ͑Ref. 138͒ ͑b͒. The most intense line is the zero-phonon transition. The vibrational structure can be assigned in comparison with theory: In short, the modes with energies ranging from 200 to 800 cm Ϫ1 correspond to stretching vibrations of the molecule along its symmetry axis whereas the modes from 1000 to 1600 cm Ϫ1 represent C-C stretching and C-H bending within the perrylene cage. The broad feature in ͑a͒ is assigned to the charge transfer transition of PTCDA dimers.
A new phenomenon is the large change of the ⌬I He upon electronic excitation. It was found that ⌬I He decreases by 15% for rotations about the inertia a-axis ͑approximately along the C-C bond͒ and increases by 55% for rotation around the inertia b-and c-axis ͑both perpendicular to the a-axis͒. In comparison changes in ⌬I He upon vibrational excitation are usually about a few percent or less, 2, 33, 158, 160, 161, 164 i.e., an order of a magnitude smaller. This large difference indicates a considerable reconstruction of the helium environment, related to the change of electronic density of the molecule upon excitation. Thus the excited state rotational constants are unique and sensitive probe of the molecular electronic density. More theoretical work is indicated to understand this phenomenon quantitatively.
There have been several attempts to fit the shapes of the 0 0 0 bands of larger molecules as tetracene 39 and phthalocyanine 128 in helium droplets with the expected rotational contours. Due to the unresolved rotational structure there is a problem in obtaining unique fits. Moreover it is not even clear whether the spectrum of a free rotor is a good approximation for these large molecules inside droplets. Since these molecules are comparable in size with the diameter of the droplets, the interaction with the droplet's surface may induce an asymmetric effective potential, comparable in magnitude to the rotational energy spacing. The large anisotropy of these molecules may also induce strong coupling to the dense spectrum of the vibrational motion of the molecule in the effective potential of the droplet. 165, 166 In this case rotational diffusion and partial collapse of the rotational structure may change the band contour considerably, and the fit with the free molecular Hamiltonian may no longer be justified.
C. Linewidths
In spite of the fact that a narrow-band cw-laser ͑␦ϭ1 MHz͒ was employed in the measurements of the rotationally resolved spectra of the glyoxal molecule in the droplets, the rotational lines were found to have a width greater than 1 GHz ͑FWHM͒. 39, 60 The lines appear to be broadened with increasing number of the helium atoms in the droplet, N 4 , from about 1 GHz for N 4 ϭ2 600 to about 3 GHz for N 4 ϭ20 000. This size dependence has also been confirmed in the high resolution LIF study of the tetracene molecules in helium droplets. 39, 60 In comparison, a slight decrease of the line width has been found upon increase of the droplet size for vibrational excitations of different molecules. 158, 161, 164 The origin of the broadening of the molecular transitions in helium remains rather poorly understood. In the case of vibrational excitation, an obvious contribution comes from the lifetime broadening due to vibrational relaxation. Indeed broader lines have been observed for vibronic bands as compared to the band origins. 41, 43 The broadening appears to be mode specific and is especially pronounced (␦ Ϸ4 -10 cm Ϫ1 ) for the large amplitude vibrations as the butterfly mode in pentacene ͑85 cm Ϫ1 ͒ ͑Ref. 43͒ and the torsion mode in glyoxal ͑468 cm Ϫ1 ͒ ͑Ref. 41͒ as compared to the much narrower ZPLs at the 0 0 0 band origins (␦ Ͻ0.1 cm Ϫ1 ). This mechanism, however, can not be respon-sible for the broadening of the ZPL of the vibrationless 0 0 0 band. Another mechanism may involve an inhomogeneous broadening due to the finite size of the droplet and the droplet size distribution as discussed in Refs. 60, 128, 158, 161, 164, 167, 168 . Different droplet sizes definitely contribute to the observed linewidth of the large molecules as tetracene. It can, however, not explain the observed increase of the linewidth with the droplet size observed for electronic excitation, because this type of broadening involves interaction with the surface of the droplet and must vanish as the droplet becomes infinitely large.
Another line broadening mechanism may involve the excitation of a dense spectrum of low frequency (⌬ р0.01 cm Ϫ1 ) translational degrees of freedom, similar to those for a particle in a three dimensional potential well. 39, 60, 165, 166 Electronic excitation may change significantly the effective mass of the molecule in helium as well as the force constant for a molecule in the effective potential of the droplet, thus giving rise to considerable Franck-Condon activity. The transitions from particular vibrational states are not resolved due to the large number of populated states at Tϭ380 mK ͑Refs. 165, 166͒ as well as the broad droplet size distribution in the beam. In the future it appears to be important to understand the origin of the broadening in more detail because it sets a fundamental limit to the resolution achievable in the electronic spectra.
D. Phonon wings
Each of the ZPLs observed for the molecules of Table I is accompanied by a phonon wing ͑PW͒ on its blue side. [41] [42] [43] [44] [45] 127 These PWs are attributed to compressional volume vibrations of the helium environment, which are simultaneously excited upon the electronic excitation of the molecule. The ratio of the total intensity of the ZPL to that in the PW is usually less then 10% at low laser fluency ͑about 1 J per pulse͒. An unfocused laser beam of about 1 mm diam and a laser pulse duration of about 10 ns has been used in these experiments. At a larger laser fluency of about 5 mJ per pulse the PW may, however, appear to be even stronger than the ZPL as the ZPL-transitions become power saturated. This rather weak coupling to the droplet phonons as compared to metal atoms 9,10 is attributed to the intravalence excitation of the molecules leading to a change in the nodal structure of the electronic wave function with only rather small changes of the electronic density in the outer region where interaction with the He environment takes place. The large intensity of the ZPL relative to that in the PW shows that at low laser fluency the PW of molecules in helium is dominated by single phonon excitation processes. 41, 169 In Ref. 41 the PW of a single glyoxal molecule in a 4 He droplet, Fig. 6͑a͒ , was found to be separated from the ZPL by a distinct gap of about 5 cm Ϫ1 . A theory developed from the Huang-Rhys model 169 for phonon wings of impurities in solids predicts that the phonon wing intensity is proportional to the density of the accessible phonon states and some smooth transition probability factor. 41, 169 With this theory the PW in glyoxal could be nicely fitted on the basis of the dispersion curve of the elementary excitations of bulk superfluid helium [170] [171] [172] [173] [174] [175] [176] ͓see thin line in Fig. 6͑a͔͒ . This theory shows that the gap between the ZPL and the maximum in the PW spectrum corresponds to the roton energy. The deviation between the observed roton energy of 7.8 K as compared to 8.65 K for bulk liquid can be rationalized in view of the sizable compression of the helium next to the molecule. Because the sharp phonon-roton dispersion curve is characteristic of the superfluid state of helium, this experiment provided the first experimental evidence that 4 He droplets are superfluid. Recently measured spectrum of glyoxal in pure nonsuperfluid 3 He droplets, 39, 40, 126, 177 see Fig. 6͑b͒ is lacking any gap between the ZPL and the PW, thus corroborating the above interpretation. This is consistent with the difference in the elementary excitations of liquid 4 He and 3 He, where the latter is known to have a broad additional particle-hole excitation branch. Recently, the development of the roton gap upon addition of well defined numbers of 4 He atoms, N 4 , to pure 3 He droplets doped with glyoxal was studied. Because of their smaller zero point energy, the 4 He atoms attach themselves to the glyoxal molecule forming a coating of 4 He atoms. 178 The result shows that a distinct gap between the ZPL and the PW reappears for N 4 Ͼ120. 39, 40, 177 Theoretical calculations for the pure 4 He cluster 30, [179] [180] [181] [182] [183] revealed the gradual appearance of the roton minimum for a 4 He cluster having N 4 у100 atoms. This behavior was interpreted as the onset of superfluidity in agreement with the experimental observations. However the details of this transition as well as the role of the attractive interaction of the helium atoms with a molecular chromophore are still to be understood.
E. Localization of helium atoms in the vicinity of molecules in helium droplets
Large aromatic molecules, strongly interacting with helium atoms ͑binding energy of about 100 cm Ϫ1 per He atom͒, cause a pronounced localization of the helium atoms in the first solvation shell. This may result in the following spectral changes: ͑i͒ The solid helium shell may show structural isomers, giving rise to splitting in the ZPLs; ͑ii͒ the shape of the phonon spectrum is modified, reflecting a more localized excitation of the compressed shell; ͑iii͒ the dense helium shell around the molecule may influence the branching ratio for the formation of different conformers of van der Waals complexes with other atoms.
Splitting of the zero phonon lines
Some molecules such as indole 45 ͑see Fig. 7͒ and tetracene 43 ͓see Fig. 8͑b͔͒ show in helium ZPL multiplets split by about 1-2 cm Ϫ1 . Because these molecules have no Table I . The laser pulse energy was 100 J ͑a͒, 50 J ͑b͒, and 100 J ͑c͒, respectively. isomers, the splitting can only be attributed to some inequivalent configurations of the He environment. These results indicate that the previously accepted picture of liquid helium as completely homogeneous matrix has to be reexamined. The origin of these splittings have been studied in more detail for tetracene. Hole burning experiments with two pulsed dye lasers and radiative lifetime measurements carried out in Göttingen 43, 44 confirmed that inside the helium droplets the ground and the excited states of tetracene are both split into two levels. This excludes the possibility of excitation of some low energy vibrations as the origin of the splitting. The spectral hole was found to persist over more then 1 s, which sets a lower limit for the lifetime of these helium states in the droplet. 43 The most likely explanation of the splitting involves the localization of several helium atoms on the surface of the planar molecule, whereby the topology of the corresponding interaction potential defines the number and the structure of the isomers. Note that the distance between the helium atoms in the liquid is about 3.6 Å, much larger then the characteristic separation of the potential minima above the polyaromatic molecules of about 2.5 Å, i.e., the distance between the centers of the adjacent aromatic rings. This suggests that the helium atoms may not be able to fill all of the minima simultaneously. The resulting combinations of the occupied sites give rise to isomers of the helium solvation shell and thus to the splitting of the spectrum of the chromophore molecule. Due to the fast decrease of the attractive potential with the distance, it is conceivable that only the helium atoms in the first solvation shell are important, giving rise to a small number of isomers. More distant helium atoms are more likely to be the part of the quantum fluid and thus may not give rise to any additional isomers. In contrast, in a solid matrix the imperfections induced by a foreign molecule may propagate over many outer shells, thus creating a huge number of possible isomers. These are usually not resolved in the spectra, giving rise to inhomogeneous broadening. Very recent calculations 184 for benzene in a small He 39 cluster confirmed that the He atoms above and below the plane of the molecule are completely localized, providing support for the above interpretation. Additional high resolution cw measurements 39, 185 revealed that the two components of the tetracene doublet have different band contours. The low frequency line appears as a 0.2 cm Ϫ1 broad structureless band, whereas the high frequency component is similar in width but contains several superimposed features, the sharpest of which has a spectral width of 0.03 cm Ϫ1 . The origin of this difference remains unclear.
The appearance of the splitting pattern is found to depend sensitively on the chromophore environment. Addition of an Ar atom to the tetracene molecule quenches the splitting completely. 42, 43 Whereas the ZPL of indole is split into three lines ͓Fig. 7͑a͔͒, substitution of one hydrogen atom by a CH 3 group in methylindole ͓Fig. 7͑b͔͒ causes a pronounced intensity redistribution in the spectrum. 45 Additional substitution in NATA ͓Fig. 7͑c͔͒ even causes a fourfold splitting. 45 On the other hand the lack of splittings in all isomers of tryptophan 59 is surprising in view of its containing the same indole chromophre. Obviously the splitting pattern depends sensitively on the modifications of the molecular chromophore environment like complexing or side chains substitutions. Thus it is quite conceivable that once this phenomenon is fully understood it can be utilized for assigning specific structures to the molecules or conformers under investigation.
Reconstruction of the helium environment upon electronic excitation
The electronic spectra of tetracene molecules and tetracene-Ar complexes in helium droplets have also been investigated with pump-probe techniques, whereby two 20 ns pulses have been applied simultaneously. 44 The pump laser was set to one of the ZPLs of the 0 0 0 band or to the PW of the tetracene molecule, whereas the probe laser wavelength was tuned. If the frequency of the probe laser is red detuned with respect to the ZPL ͓Fig. 8͑b͔͒ it cannot access upper states comprising phonon excitations and thus induce any additional absorption. However it induces a stimulated emission from the S 1 state into the electronic ground state S 0 . Such a spectrum probes the structure of the ground state and is similar to that for the spontaneous emission, albeit has a laser resolution. The stimulated emission spectra of the S 1 →S 0 origin revealed new sharp (␦Ϸ0.5 cm Ϫ1 ) ZPLs redshifted by ⌬Ϸ1 -2 cm Ϫ1 with respect to those in the absorption spectrum. This shift indicates different equilibrium structures of the helium solvation shell of the molecules in the ground and excited states, respectively. This phenomenon is analogous to that observed for atomic spectra in helium, where emission spectra are red-shifted by several hundreds of wave numbers relative to the absorption spectra. However, the magnitude of this effect for tetracene is about two orders of magnitude smaller consistent with the weaker coupling of the molecular excitation to helium and a strong moleculehelium binding. Most probably this relaxation involves a the small rearrangement of the strongly localized helium atoms of the first solvation shell towards a new configuration. An enhanced intensity of the red detuned features upon pumping in the PW indicates a small barrier for the reconstruction of about several wave numbers. Thus the characteristic reconstruction time is of the order of the laser pulse width ͑20 ns͒ and involves a transition from a metastable into a more stable state. For comparison the relaxation of the He bubble around a metal atom proceeds on the picosecond time scale. 9,50,123,186
Phonon wings of the larger molecules
The shapes of the PWs of the larger molecules differ considerably from that of glyoxal ͓Fig. 8͑a͔͒. Some additional low frequency modes are found below the roton energy, whereas the PW intensity at EϾ5.5 cm Ϫ1 is small ͓see Figs. 8͑c͒-8͑e͔͒. Free-base porphine ͓Fig. 8͑d͔͒ shows new sharp features at 1.8 and 2.5 cm Ϫ1 , whereas phthalocyanine ͓Fig. 8͑e͔͒ shows features at Eϭ3.7, 4.3, and 5.1 cm Ϫ1 on the blue side of the ZPL. These new features have so far not been unambiguously assigned. They may possibly be due to an increasing degree of localization of He atoms at the molecular surface and the formation of distinct complexes consisting of a molecule covered with a compressed helium shell, containing between a few and several tens of atoms, depending on the interaction strength. Analogous low frequency modes have also been observed by neutron spectroscopy for thin helium films on graphite. 187, 188 
Localization of helium atoms in the molecular vicinity and formation of the van der Waals complexes
In comparison to the gas-phase spectra, two new lines have been identified in the spectra of tetracene-Ar complexes, which have particular small red-shifts with respect to the spectrum of the bare tetracene molecule in helium ͑8 and 11 cm Ϫ1 ͒, respectively. 39, 42, 156 These lines have been ascribed to complexes with Ar atoms, which have planar geometry, whereas the global van der Waals minimum corre-sponds to the T-shaped configuration, giving rise to a much larger red-shift ͑about 37 cm Ϫ1 ͒. The possible origin of this anomaly is that the deepest potential minimum of the tetracene potential is already occupied by a helium atom, and its displacement by the stronger bound Ar atom is associated with some potential barrier, which can not be surmounted at the low temperature of 380 mK. Analogous results have been obtained for complexes of tetracene with hydrogen molecules. 39, 155 In these experiments helium mediates the stabilization of a particular complex. A relevant mechanism of stabilization have been discussed by Gordon et al. [189] [190] [191] [192] [193] 
F. Alignment effects
Very recently absorption spectra of tetracene molecules in helium droplets have been obtained in Bochum with different alignment of the laser polarizations, i.e., parallel or perpendicular to the droplet beam. 194 Both LIF and depletion measurements revealed an increase of signal by up to 15% for the parallel polarization. The difference spectrum appears to be sharper then the total spectrum. This indicates that molecules are polarized in the laboratory frame. The S 1 -S 0 transition of tetracene is a b-type transition, whereby the transition dipole moment is oriented along the short axis in the molecular plane. Thus the long axis of the molecule is aligned predominantly perpendicularly to the droplet beam axis. The origin of this effect remains unclear. One of the explanations involves an alignment of the doped droplets during the pick-up because of the predominant alignment of the collisional angular momentum perpendicular to the droplet beam axis. These experiments may question the widely used paradigm of a spherical droplet and call for a more rigorous discussion of the pick-up and evaporation processes and the study of a possible influence of the droplet shape on the spectra. Careful examination of the pick up process in Ref. 195 , indicated no deviation of the pure 4 He droplets from spherical form.
G. Small doped helium clusters
In order to reveal the origin of the different spectral phenomena in helium droplets as the ZPL splitting or modified PW structure for larger molecules it is desirable to extend the investigations to clusters containing a molecule and a number of helium atoms in the range of 1-100. Complexes of several molecules with up to three helium atoms have been obtained and studied spectroscopically using pulsed seeded molecular beams. 196 -203 Rovibrational structure emerging in the B←X transition of the He 2 Cl 2 cluster have been studied in detail. [201] [202] [203] This is the smallest cluster containing helium for which rotationally state resolved data are available and for which the effects of Bose statistics are important. The helium atoms of the cluster are localized in the plane perpendicular to the molecular Cl 2 axis and exhibit quite large amplitude He-He bending motion, having energies of about 0.5 cm Ϫ1 . However the number of helium atoms appears too small to observe the onset of collective phenomena discussed above for which, presumably, one solvation shell ͑Ϸ20 at-oms͒ around the molecule needs to be filled. Generation of clusters in this range is difficult because of the weak inter-actions of helium atoms and the insufficient cooling capacity of the usual gas expansion. These limitations have been surmounted in the most recent experiments of Even, Jortner, and co-workers, 204, 205 where a newly designed high pressure pulsed beam source has been introduced. In these experiments clusters of aromatic molecules ͑naphthalene, anthracene, and tetracene͒ with up to 20 attached helium atoms 205 have been produced. Mass selective excitation spectra of each of these clusters have been obtained by two photon two color threshold ionization method. The measured spectral shifts show unexpected discontinuities with increasing number of attached helium atoms, ascribed to an anisotropic delocalization of the helium atoms on the surface of the aromatic molecule. Spectra with a small number of attached helium atoms reveal rich structure, which was ascribed to excitation of the vibrations of helium atoms relative to the chromophore molecule. Surprising, however, is that the number of vibronic lines reaches a maximum for clusters with 4 and 5 attached helium atoms ͑for tetracene͒ and then diminish for larger clusters, where only one vibronic band shifted by about 20 cm Ϫ1 from the origin remains. 205 This intriguing development may indicate the change of the character of the helium vibrations from local modes to collective modes, which are precursors of collective modes in larger helium droplets.
VII. CHEMICAL REACTIONS IN HELIUM DROPLETS
Extensive studies of formation of van der Waals complexes have already established helium droplets as a nanoscale isothermic reactor. It is tempting to extend these experiments to the realm of chemical reactions, which involve large changes in the electronic structure of the involved species. In contrast to chemical reactions at higher temperatures, which are often activated via thermal energy from their environment, quantum mechanical effects, such as tunneling, may play a dominant role at low temperatures of less than 1 K. Thus the helium droplets offer an opportunity to study reactions which go via tunneling with mimimal solvent perturbations. At the very low liquid helium temperatures' orientation by the weak van der Waals forces may determine the approach of the reagents to enhance a particular reactive channel. The latter may differ from those defined by the reaction coordinates in the region of appreciable chemical binding. 149, 150 In comparison, at the usual temperatures this van der Waals guiding is of rather minor importance, because of extensive thermal averaging. Thus reactions at low temperature may provide a new way to achieve selective chemistry perhaps yielding new unexpected products.
Earlier in this review, recombination reactions of alkali atoms on helium droplets were shown to yield the selective formation of the high spin states of dimers and trimers, justifying the above expectations. An example of a bimolecular reaction in the droplet facilitated by the strong chemiluminescence of the products was obtained in Göttingen in a recent study of the reaction of Ba atoms with N 2 O molecules, 130 BaϩN 2 O→BaO*ϩN 2 ͑ ⌬Hϭ4.1eV͒, BaO*͑A 1 ⌺ ϩ ,vЈ͒→BaO͑X 1 ⌺ ϩ ,vЉ͒ϩh. Figure 9 shows the chemiluminescence spectrum obtained in He droplets ͑b͒ in comparison to that in Ar N -clusters ͑a͒. 206 The spectrum in Ar has two components: One in the range of 400-600 nm is structureless and corresponds to the emission from the highly rotationally and vibrationally excited BaO molecules in the electronically excited A state, which left the cluster immediately after reacting on the surface of the cluster. The other component has sharp peaks in the range of 600-700 nm corresponding to relaxed BaO(A,vЈϭ0) molecules, which are accommodated to the temperature of the cluster. These relaxed bands in helium cluster ͑b͒ are much narrower than in the Ar cluster, because of the lower temperature and the decreased inhomogeneous broadening. An interesting effect has been discovered in the course of this work. If about 15 Xe atoms are added to the droplet, the hot channel is suppressed and all the emission occurs in a vibrational progression of sharp lines ͓see Fig. 9͑c͔͒ , indicating that the products are completely accommodated to the droplet. These results illustrate how reaction can be ''catalyzed'' in the interior of the helium droplets. Hence it may be possible to use ultracold helium droplets as a nanoreactor with catalytic activity to study multistep reactions. It can be expected that in the future this type of experiment will be extended to a number of reactions involving atoms and molecu- lar radicals as well as photochemically initiated reactions such as that of the photodissociation of Na 3 , studied in Ref. 49 .
VIII. SUMMARY
In the relatively short time since the first electronic spectra in He droplets were measured in 1994 ͑Ref. 207͒ a wide variety of systems of different complexity ranging in size from atoms to large organic molecules as well as a number of van der Waals complexes and metal clusters have all been investigated. The first experimental evidence that the droplets are superfluid came from the observation of the gap from the zero phonon line in the phonon wings of the electronic spectra. This feature, found first for glyoxal, is directly related to the well known phonon-roton dispersion curve characteristic of a superfluid. These experiments demonstrate the great potential for using high resolution molecular spectroscopy as a new probe of microscopic manifestations of superfluidity. Experiments with larger molecules as indoles and porphyrins revealed additional features in the spectra such as split zero phonon lines and low frequency molecular like bands in the phonon wings. These have tentatively been ascribed to the effect of localization of the helium atoms in the molecular vicinity, thus providing an access to the study of the liquid-solid transition in the microscopic quantum systems. Another direction is the study of the size dependence of these features, which will reveal how the quantum liquid properties evolve in a finite size system. At the same time extensive results are now available that clearly demonstrate that liquid helium also provides a very gentle almost nonperturbing ultracold matrix. From this point of view liquid helium has the advantage that virtually all the vibrational hot bands and most of the rotational states are frozen out. Due to its softness, the helium matrix adapts its structure in the molecular vicinity to the shape of the molecule. These quantum liquid properties of the helium droplets made them a unique homogeneous medium for high resolution molecular spectroscopy. For the electronic transitions studied so far linewidths in the range of about 0.1 cm Ϫ1 have been found, which is a factor of up to 1000 narrower than usually obtained for the same transitions in a conventional solid matrix. These linewidths are still somewhat larger then those found for rovibrational transitions, which is partially caused by unresolved rotational structure of the larger molecules studied in the visible range and stronger coupling of the electronic transitions to the helium environment, the details of which are still not well understood. The influence of the helium droplet on the frequencies of the molecular transitions is relatively small. Matrix shifts of the electronic origins range from several tens of wave numbers for organic molecules submerged into the droplet to several wave numbers for alkali dimers and trimers on the surface of the droplet. This is to be compared with much larger shifts of several hundreds to thousand wave numbers in conventional solid matrices. The vibrational frequencies of the electronically excited molecules attached to helium droplets have been found to agree within several wave numbers with the corresponding gas phase values, in line with results of infrared spectroscopy. Thus electronic spectroscopy in helium droplets provides complementary access to the molecular vibrational frequencies in the excited states. The vibronic spectra in helium remain under investigated and deserve more attention in future studies. It is hoped that such investigations can be extended to larger biologically significant molecules as proteins and nucleotides. A more extended use of resolved emission spectroscopy techniques and stimulated emission pumping techniques will also provide access to ground state vibrations.
Time resolved measurements provide a unique tool to study the real time dynamics in helium droplets. This has been vividly demonstrated by pico-and femtosecond studies of the detachment of metal atoms and their complexes with helium atoms from the droplet as well as by nanosecond studies of the reconstruction of the helium shell of tetracene molecule upon electronic excitation. Relaxation processes of the helium dimples in the vicinity of excited alkali atoms have been interrogated. Real time studies of the formation of the alkali-He exciplexes may be considered as a precursor of the future studies of the chemical processes in helium droplets. In the future it is hoped that these methods will be extended to elucidate the vibrational relaxation of the molecules and coupling of the molecular rotation by the bath of helium droplet's excitations. Comparison of the excitation dynamics in the superfluid 4 He and nonsuperfluid 3 He droplets is another promising direction of the research.
Formation of atomic and molecular clusters in the helium droplets provides an experimental technique to obtain and to study these species at low temperature for the first time. Unique mechanisms have been discovered that explain large enhancement of the weakly bound triplet alkali dimers and quartet trimers on the surface of the droplet. Recent experiments on the growth and study of the Mg clusters, having more then 2000 atoms is another vivid demonstration of the high potential of the helium droplet technique. Spectroscopic interrogation of size selected cold metal clusters is expected to give new impact to the solution of the long standing problem of how metal properties develop upon increase of cluster size. It seems feasible that the onset of superconductivity with the cluster size may well be studied in the near future. Note also that the helium droplet technique makes it possible to produce an extremely wide range of different complexes. For example mixed metal clusters or clusters containing both metals and organic molecules may easily be formed, thus providing novel avenues towards the synthesis of new nanomaterials.
The results obtained so far establish helium as a unique matrix to isolate unstable species and to provide a reaction medium for a single reaction event. The detailed microscopic study of low temperature chemical processes in this quantum fluid solvent has been shown to be a promising direction of research. The application of pump-probe techniques will definitely follow to study photoinduced reactions.
